This paper investigates the effects of outdated channel state information on cache-enabled cooperative networks for intelligent connected vehicles, where part of the relay nodes can cache the files requested from the destinations. As the performance benchmark, the system outage probability with perfect and outdated CSIs is derived. The impacts of the system parameters, such as the number of relay nodes, the correlation coefficient, the channel fading power as well as the target data rate are analyzed by deriving the closed-form expressions on the system outage probability. From the analysis, we conclude that the diversity order of system outage probability with perfect CSIs is equal to the total number of relay nodes. While with outdated CSIs the diversity order remains one, regardless of the number of relay nodes. Specifically, the large number of cached relay and large correlation coefficient can significantly improve the system performance. Simulation results are present to validate the theoretical analysis.
I. INTRODUCTION
In the past decade years, there has been a rapid progress in the development of wireless transmission technique [1] - [5] . Meanwhile, throughput and connections in internet of vehicles grow up exponentially, which creates tremendous challenges for transmission technology and system design for intelligent connected vehicles (ICVs) [6] , [7] . Key enabling technologies for connected vehicle technologies have already been used to improve fleet safety and efficiency of ICVs.
For example, the wireless cooperative technology, which can exploit the channel diversity, has attracted a great deal of interest in both academic and industry areas [8] - [14] . In the considered system model, either amplify-and-forward (AF) or decode-and-forward (DF) protocol is adopted to enhance the link quality [15] - [17] . Specifically, finite feedback precoder selection criteria, and the condition to maximize the diversity was analyzed in [18] . Based on mobile edge computing (MEC) system, authors in [19] proposed the joint computation offloading decision and computation resource allocation algorithm, which can effectively improve the The associate editor coordinating the review of this manuscript and approving it for publication was Guan Gui . system utility in vehicular networks. Authors in [20] studied an orthogonal STBC-based AF systems and analyzed their outage performance over Rayleigh fading channels. In [21] , the authors proposed a novel merge-and-forward relaying and the best relay selection schemes. In [11] , the authors proposed joint user and relay selection algorithm in cooperative nonorthogonal multiple access (NOMA) networks, and closedform analytical expressions are present to give deep insight into the effects of the system parameters. When eavesdroppers appear in the wireless networks, some physical-layer secure transmission techniques have been proposed to prevent the wiretap from the confidential message [22] - [24] .
On the other hand, wireless cache technology, which is proposed to prefetch files during off-peak time, has been adopted to improve the link quality and offload the backhaul [25] - [27] . Authors in [26] present the optimal cache placement for largest content diversity (LCD) strategy over Nakagami-m fading channels. Combining caching and interference alignment (IA), authors in [27] proposed optimal IA user selection policy in cache enabled networks. With and without secure constrains, [28] proposed a new coded caching scheme, and lower bounds are present on the secrecy rates. Furthermore, the collaborative caching scheme is proposed VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ and analyzed in [29] , where macro cell stations and small cell stations optimize their cached files collaboratively to address challenges in MEC systems. To the best of our knowledge, no prior work has considered the outdated CSIs in cooperative cache enabled networks, which motivates the research in this work. This paper aims to investigates the effects of outdated channel state information on cache enabled cooperative networks for ICVs, where part of the relay nodes can cache the files requested from the destinations. The impacts of the system parameters, such as the number of relay nodes, the correlation coefficient, the channel fading power as well as the target data rate are analyzed by deriving the closed-form expressions on the system outage probability. From the analysis, we conclude that the diversity order of system outage probability with perfect CSIs is equal to the total number of relay nodes. While with outdated CSIs the diversity order remains one, regardless of the number of relay nodes. Simulation results are present to validate the theoretical analysis.
Notations: We use CN (µ, σ 2 ) to represent the circularly symmetric complex Gaussian random variable with mean µ and variance σ 2 , f X (x) and F X (x) denote the probability density function and cumulative distribution function of a random variance x, respectively, and R n − D denotes the link from R n to D.
II. SYSTEM MODEL AND SELECTION CRITERIA
In this paper, we consider two-slot decode-and-forward (DF) cooperative networks depicted in Fig.1 , in which the source station S transmits packets to the destination station D with the help of the relay stations {R n , n ∈ [1, N ]}. To improve the quality of the wireless links, one of the multiple relay stations is selected to help the information transform. We assume that all stations are equipped with single antenna and each relay station has a limited cache capacity, where popular files can be stored to reduce the backhaul throughput. We use h SR n ∼ CN (0, α) and h R n D ∼ CN (0, β) to denote the channel fading coefficients of the link from S to R n and the link from R n to D, respectively.
Without loss of generality, due to the limited cache capacity, let c denotes the relay station set in which the requested file by the destination is cached in the relay nodes, and r denotes the complementary set. Then let N c and N r denotes the number of relay stations in c and r . Thus,
Considering the first set c , since the requested file is stored, the relay stations can transmit the file directly to the destination. Thus, the received signal in D can be given as
where P is the transmission power of the relay stations and n c ∈ CN (0, N 0 ) is the additional white Gauss noise (AWGN) received at D, where the details about the noise in practical communication systems can be found in [19] , [30] - [33] . Thus, conditioned that R n is selected, the SNR of D can be given as
where v n = |h R n D | 2 . Then the capacity of the link can be expressed as
Within the set c , the best relay node can be selected as
Assume that the target throughput is R bps/Hz, by using equations (3) and (4), we can obtain the outage probability for c as
where γ 1 = 2 R − 1. Furthermore, considering the second set r , where no relay station caches the requested file, the relay nodes must fetch the file from S and then decode-and-forwards (DF) to D. In this case, the SNR of D is the minimum SNR of the two hops [34] , i.e.,
where u n = |h SR n | 2 . Due to the two-hop DF relaying protocol, the capacity for the set r is
Thus, the optimal relay node within r is given as
And the outage probability for r can be calculated as
where γ 2 = 2 2R − 1.
Finally, the optimal node for all N relay nodes is the better one within n * c and n * r , i.e., n * = arg max n γ c,n * c γ 1 γ r,n * r
While due to the channel estimation channel parameters feedback delay, there exists a time delay between the instant of relay selection and the instant of data transmission. It means that the CSIsĥ SR n ,ĥ R n D of the two hops, which are used during the selection algorithm, are outdated versions of that of the data transmission h SR n , h R n D . Due to the channel correlation [10] , the outdated channel fading coefficients can be modeled as
where e SR n ∼ CN (0, α), e R n D ∼ CN (0, β) and ρ ∈ [0, 1] is the channel correlation coefficient. Furthermore, the conditional distribution functions are
where I 0 (x) is the zero-order modified Bessel function of the first kind as defined in equ(8.406) [35] .
Considering the effects of the outdated CSIs, the expression on the system outage probability can be divided into two items. The first item denotes that the cache set c is selected, while the SNR of c can't support the data transmission. Another item denotes that the relay set r is activated, meanwhile the SNR of the best relay link within r is smaller that the requirement. Thus, we can rewrite the system outage probability as follows:
III. PERFORMANCE ANALYSIS WITH PERFECT CSIS
As the performance benchmark, firstly we derive the system outage probability with perfect CSIs, i.e. ρ = 1. Since perfect CSIs can be obtained, the selected node is exactly the optimal results, and the system outage probability can be rewritten as follows
where P = P/N 0 and w n = min{u n , v n }.
Due to the independence between v n , n ∈ c and w n , n ∈ r , we obtain
Furthermore, to have a deep insight on the effects of the system parameter, we can derive the asymptotic outage probability when the transmission power is large enough.
Given that P → ∞, by using the approximation that 1 − e −x/P x/P, the asymptotic outage probability can be obtained from equ.(15)
Remark 1: Note that from the asymptotic results for the perfect CSIs, we can conclude that the diversity order of the system outage probability with perfect CSIs is the same with the total number of relay nodes.
IV. OUTAGE PROBABILITY ANALYSIS WITH OUTDATED CSIS
In this section, we will investigate the effects of the outdated CSIs, i.e. 0 ≤ ρ < 1. As the first step to derive the analytical expressions on the system outage probability in equ. (13) with outdated CSIs, we present the following lemmas.
Lemma 1: The PDF of the outdated channel fading powerv n * c for the cache set c can be given as:
Proof: Since all channel fading coefficients are independent between each other, by using the definition in equ.(4), we have the following cumulative distribution function 
Applying the binomial theorem, yields
Thus, the probability distribution function ofv n * c in Lemma 1 can be obtained from the derivative of the CDF.
This completes the proof. Lemma 2: The PDF ofû n * r can be expressed as fû
Proof: Firstly, for the case that N r = 1, since only one node can be selected, the PDF of theû n * r is the same with u n , Lemma 2 holds obviously.
For the case that N r ≥ 2, we give the following definitionŝ
andθ
Thus, the CDF ofŵ n can be obtained as
Sinceû n adnv n are independent with each other, we can rewrite Fŵ n (x) as
By applying derivative on equ. (26), we can get the PDF ofŵ n fŵ n (x)
where is defined in equ. (16) . Due to the independence between all relay links, we can obtain the CDF ofθ m as follows
Thus the PDF ofθ m can be obtained from the derivative of equ.(28)
According to the definition of n * r in equ. (8) , we can rewrite the CDF ofû n * r as follows 
Substituting equ. (29) into equ. (30) and performing necessary mathematical derivation, we can obtain the PDF ofû n * r in Lemma 2 from the derivative of Fû n * r (x). In summary, Lemma 2 is proved.
Lemma 3:
The PDF ofv n * r can be expressed as fˆv n * r
Proof: Similarly with the proof of Lemma 2, by using of principle of symmetry, Lemma 3 can be proved.
A. ANALYSIS ON P 1
Now we will focus on deriving the closed-form expressions on the P 1 , which is the first item of P out in equ. (13) . First of all, we can rewrite P 1 as follows,
According to the ordered statistic and using equ. (27), we can obtain the CDF ofŵ * n r as follows
Considering the conditional probability distribution equation, we have
By substituting equ. (34, 33, 12) into equ.(32) and applying Lemma 1, yields
and
By using equ. (8.406 .3) and equ.(6.614.1) [35] , we obtain the following equation
Performing equ.(38) on equ.(35), yields
where
In order to have a clear insight into the performance of P 1 , we present the asymptotic expressions with large power. Given thatP → ∞, by using the approximation that 1 − e −x x, we have
Remark 2: We can see from the asymptotic expressions on P 1 that, regardless of the number of relays, the diversity order of P 1 remains unchanged, and equals to one.
B. ANALYSIS ON P 2
We turn to theoretical analysis on P 2 , which is the second item of P out in equ. (13) . By using the definition of equ.(4) and equ.(8), we can rewrite P 2 as follows
We will discuss the expression on P 2 in the following two cases. The first case is thatû * n r < γ 2v * nc γ 1 and the best relay link can not support the data transmission. While, in the second case,û * n r ≥ γ 2v * nc γ 1 ,v * n r < γ 2v * nc γ 1 meanwhile the selected relay link can not support the data transmission, i.e.,
Furthermore, we can analyze the expression min{u * n r , v * n r } < γ 2 P into the following two cases. The first case is that u * n r < γ 2 P , while the second case is that u * n r ≥ γ 2 P meanwhile v * n r < γ 2 P . Thus, P 2 can be expressed as
In the following section, we will derive the first item of P 2 in equ. (44) .
Lemma 4: The expressions on P 21 can be given as in equ. (45) , as shown at the bottom of the this page, where
Proof: Considering the special case that N r = 1, that is, the number of relay set r is 1. Thus,û * n r is always the same with u * n r , In this case, P 21 can be simplified as
Applying Lemma 2 in (21), yields
.
(48)
Note that when transmission power is large enough, we obtain
We will discuss the general case that N r ≥ 2 for P 21 . In this case, P 21 can be rewritten as
By using the conditional probability distribution equation, such as
and substituting equ. (12, 21, 51) into equ.(50), yields
By substituting equ. (38) into above equation, yields
Pd 2,i,k d 4,i,k α(1 − ρ) .
(53)
Lemma 4 is proved. Given that the transmission power is large enough, it's easy to derive the asymptotic expressions on P 21 as follows
Also, we can see that the diversity order of P 21 equals to one with respect toP. We turn to analyze the second item of P 2 in (44). 
and i,k,t,3
Proof: Due to the independence between v * n r and {u * n r ,û * n r , v * n c }, we can rewrite P 22 as follows
By using the conditional probability distribution equation, we have
Given that N r = 1, we have
In this case, the first item of P 22 can be expressed as
and the second item can be rewritten as
Note that when P → ∞, we have
Pβ .
(64)
By applying equ.(20) onto the above equation, yields
In summary, with N r = 1, we have
Given that N r ≥ 2, by applying equ. (12) , equ.(31) and equ. (38) , we obtain
In this scenario, by using equ.(67), we have
Specifically, when P → ∞, we have the following asymptotic expressions
Similar with the analysis procedure on P 21 in (50), we can obtain the expression on B 22 as follows
By using equ.(68)(70), we can obtain the final expressions on P 22 in equ.(58) as follows,
, if N r ≥ 2.
(71)
Remark 3: From the expressions of equ.(66) and (71), we can conclude that the diversity order of P 22 equals to one.
Lemma 6: The expressions on P 23 can be given as in equ.(72), as shown at the bottom of the this page, with
Proof: Similar with Lemma 5, the proof can be easily obtained.
(72)
Furthermore, we have the following lemma. Lemma 7: The expressions on P 24 can be given as in equ. (75) , as shown at the bottom of the previous page, with
and the functions are defined as follows,
In summary, by substituting equ. (45, 55, 72, 75) into (44), we can obtain the closed-form expressions on P 2 .
Remark 4: Specifically, it's easy to prove that the diversity order of P 2 equals to one, with respect to P.
Moreover, with the help of equ.(39), we can get the analytical results on P out in equ. (13) .
V. SIMULATION RESULTS
In this section, simulation results are present to validate the theoretical expressions. The effects of the system parameters, such as the correlation coefficient, the number of relay nodes, the channel fading power as well as the target data rate, on system outage probability are investigated. Fig. 2 depicts the impacts of the correlation coefficient ρ on outage probability. In the considered system setup, we set the total number of relays as N = 4, the number of cached relays as N c = 2, and the channel fading parameters as α = β = 1. While the correlation coefficient changes from 0.6 to 1. Specifically, ρ = 1 denotes the perfect CSIs in (15) ,which is also the baseline of the system performance. We can see from this figure that, with outdated CSIs, the diversity order of system outage probability equals to one, regardless of the correlation coefficient, while the larger correlation coefficient can improve the system performance. With perfect CSIs, the diversity order of system outage probability equals to total number of relays, which coincides with the theoretical analysis in (15) and (17) . Fig. 3 shows the effect of the total number of the relays N on system outage probability, where N c = N /2, α = β = 1, ρ = 0.9 and N changes from 2 to 10. We can see from the figure that the diversity order of the outage probability remains the same although the total number of relay nodes changes from 2 to 10, which validates the theoretical analysis in section (41) and remark 4. Fig. 4 shows the effect of the number of the cached relays N c on system outage probability, where ρ = 0.9, N = 8 and N c changes from 0 to 5. From this figure, we can see that the larger N c can significantly improve the system performance. The reason is that the system outage probability depends on the minimum of the relay set, as well as the maximum of the cached set. The larger the number of cached set, the better quality of links can be selected. Fig.6 show the effect of the channel fading parameters α and β on system outage probability, respectively. The system setup are set as follows N = 4, N c = 2, ρ = 0.9, and α, β changes from 1 to 8. From the figures, we can conclude that the larger channel fading power α, β can decrease the outage probability, which coincides with the common sense. When the channel fading power is larger, the probability that the link can not support the data transmission is lower. Thus, the system performance can be improved.
Finally, the effect of the target data rate R is investigated in Fig.7 , where the system parameter setup is as follows, N = 4, N c = 2, α = β = 1, ρ = 0.9 and Rchanges from 1 to 5. Also, we can see that the diversity order of the system outage probability remains one, while larger target data rate introduces higher outage probability. Once more the simulation results validates the analysis expressions in (41) and remark 4. The reason is that if the rate threshold becomes larger, the probability that the link quality can not support the data transmission will increase.
VI. CONCLUSION
In this paper, we investigate the effects of outdated channel state information on cache enabled cooperative networks for intelligent connected vehicles, where part of the relay nodes can cache the files requested from the destinations. As the performance benchmark, the system outage probability with perfect CSIs is derived. Furthermore, the impacts of the system parameters, such as the number of relay nodes, the correlation coefficient, the channel fading power as well as the target data rate are analyzed and simulation results are present to validate the theoretical expressions. From the analysis, we conclude that the diversity order of system outage probability with perfect CSIs is equal to the total number of relay nodes. Specifically, the large number of cached relay and large correlation coefficient can significantly improve the system performance. While with outdated CSIs the diversity order remains one, regardless of the number of relay nodes. In future works, we will further investigate how to exploit the wireless caching [36] - [38] to enhance the system performance. In addition, we will consider some new materials [39] - [41] for enhancing the communication performance in the practical applications. Furthermore, some intelligent algorithms such as the deep learning based algorithms [42] - [45] will be applied into the considered system to manage the wireless resources in the networks.
